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GLASSY  CARBONS 


Summary 

\ 

A  large  group  of  glassy  carbon  samples  has  been  pro~ 
duced  by  controlled  curing  and  pyrolysis  of  furfural  alcohol 
based  resins.  Various  structural  characterizations  and  key 
property  measurements  have  also  been  made. 


Crack  free  samples  with  apparent  densities  ranging 
from  .5  to  1.27  gm/cm3,  mean  pore  sizes  from  50  Angstroms  to 

4 

50  microns,  B.E.T.  surface  areas  from  20  to  500  m2/gm,  elastic 
modulus  from  1.8-105  to  7.35-106  psi ,  compressive  strength  up 
to  55,000  psi,  and  tensile  strength  up  to  10,850  psi,  have 
been  produced  in  section  thickness  up  to  1.2  inches. 

X— ray  and  electron  diffraction,  together  with  electron 
microscopy  have  revealed  various  structural  features  at  size 
levels  from  20  Angstroms  to  200  microns. 


GLASSY  CARBONS 


I .  Introduction 

This  report  covers  work  carried  out  during  the  second 
six  month  period  of  the  present  contract.  The  major  areas  of 
investigation  and  previous  findings  were  reported  in  the  first 
semi-annual  report1. 

The  availability#  chemical  inertness,  and  excellent 
physical  and  mechanical  properties  of  the  disordered  carbons 
form  the  basis  for  interest  in  further  understanding  the 
structure  of  these  materials.  With  an  understanding  of 
structural  variations  possible,  further  extension  in  the  range 
of  properties  achievable  can  be  made.  From  data  previously 
available  in  the  literature  and  the  early  results  of  this 
program)  it  has  become  obvious  that  "glassy  carbon"  is  not  a 
single  material,  since  even  though  it  contains  essentially  only 
carbon  atoms,  its  structure  can  be  varied  at  all  size  levels. 

It  seems  more  appropriate  to  think  of  glassy  carbon  as  a 
material  that  may  have  short  range  atomic  coordination  with  a 
variable  state  of  crystallinity;  but  in  addition,  where  rather 
large  amounts  of  thermally  stable  voids  can  be  arranged  at  size 
levels  from  5  Angstoms  to  50  microns.  As  a  result,  an  extremely 
wide  variation  in  properties  can  be  achieved.  The  incorporation 
of  voids  into  materials  is  not  unique.  However,  it  is  unique 
to  have  up  to  30%  void  remain  stable  in  a  material  at  temperatures 


close  to  sublimation  when  the  pore  size  is  well  below  100 
Angstroms . 

Glassy  carbons  possess  some  crystallinity  on  a  scale  of 
the  order  of  100  Angstroms/  but  the  perfection  of  the  crystallites 
is  very  poor  by  usual  standards;  and  while  the  crystalline  per¬ 
fection  may  improve  with  very  high  temperature,  a  well-defined 
graphitic  structure  is  not  achieved  without  unusual  methods.  The 
structure  is  better  described  as  para-crystalline  in  analogy  to 
the  name  invented  for  polymers.  In  fact,  the  glassy  carbon 
structures  are  best  considered  polymers  with  vanishing  contents 
of  other  than  carbon  atoms  and  are  certainly  related  to  the 
polymer  structures  from  which  they  evolve  during  controlled 
pyrolysis.  This  fact  follows  since  it  is  possible  to  vary  the 
structure  and  properties  of  a  carbon  obtained  after  heating  to 
3000°C  by  controlling  the  thermal  history  of  the  polymer  in  a 
temperature  range  below  100 °C  where  polymer  structure  is  being 
formed.  Thus,  even  though  most  of  the  atoms  present  in  the 
precursor  polymer  are  later  removed,  the  resulting  carbon  inherits 
part  of  the  structure. 

The  present  study  is  largely  concerned  with  studying  the 
structures  obtainable  together  with  the  simultaneous  measurement 
of  certain  key  physical  and  mechanical  properties.  It  is  desired 
to  achieve  in  different  samples  as  wide  a  variation  in  structure 
and  properties  as  possible. 

The  structure  is  being  investigated  from  the  viewpoint 
of  the  solid  structure  and  the  pore  structure.  Since  significant 
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differences  can  be  induced  in  both  over  a  size  range  of  more 
than  four  orders  of  magnitude,  no  single  technique  is  sufficient. 

Instead,  combined  techniques  must  be  used.  Each  is  discussed  in 
detail  in  the  following  sections  of  the  report.  Representative 
property  measurements  are  being  carried  out  in  conjunction  with 
the  structural  examinations.  In  addition  to  the  hardness, 
strength,  and  stiffness  measurements  begun  previously,  internal 
friction,  and  electrical  resistivity  have  been  added  on  a 
selective  basis. 

Most  of  the  effort  of  the  present  report  period  has  been 
expended  in  gathering  additional  data  on  the  many  different  sample 
variations  where  data  were  previously  lacking. 

II .  Materials  Preparation 

During  this  report  period  over  550  samples  of  glassy  carbon 
were  prepared  with  over  100  different  processing  conditions.  The 
work  has  continued  to  concentrate  on  furfural  alcohol  and  a 
furfural  alcohol  resin,  Durez  16470*  as  the  carbon  yielding 
material,  with  para- toluene  sulfonic  acid  (PTSA)  as  the  polymeri¬ 
zation  catalyst.  Catalyst  levels  from  2  to  20%  by  weight  based 

i 

on  the  monomer  or  resin  content  have  been  explored.  Temperatures 
for  addition  of  the  catalyst  and  subsequent  curing  have  been 
varied  from  -11°C  to  150°C.  In  all  cases  where  a  particularly 
interesting  set  of  properties  have  been  found,  a  duplicate  set 
of  specimens  has  been  made  to  check  reproducibility.  Standard 
sample  cylinders  approximately  3  cm  in  diameter  and  20  cm  in 

*Hooker  Chemical  Company,  North  Tonowanda,  New  York. 
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length  have  been  adopted.  In  a  few  cases,  samples  up  to  4  cm  ; 

! 

in  diameter  have  also  been  produced.  '  1 

The  yield  of  crack  free  material  has  continued  to1  im¬ 
prove  due  mainly  to  increased  care  in  adding  the  catalyst  to 

1  j 

the  resin  and  preventing  the  trapping  of  bubbles  prior  to  ahd 
during  casting.  The  presence  of  bubbles  has  been  found  to  cause 
cracking  in  the  subsequent  pyrolysis  of  the  samples.  In  most 
cases,  it  has  been  possible  to  perform  a  reduced  pressure  de- , 
bubbling  operation  after  addition  of  the  catalyst,  i 

In  order  to  yield  good  mateirial  it  has  been  necessary  to 
perform  the  hardening  of  the  resin  systems  with  a  minimum  temper¬ 
ature  gradient  throughout  the  piece,  which  often  requires  cooling 
after  addition  cf  the  catalyst.  The  length  of  time  curing, 

curing  temperature  and  catalyst  level  have  been  varied  over  wicje 
ranges .  1 

The  single  most  important  factor  in  obtaining  crack  free 

i 

materials  in  pyrolysis  is  obtaining  a  uhiform  slow  heating  rate. 
While  heating  rates  have  been  varied  from  5  to  50°C  per  hour  in 
the  range  of  room  temperature  to  1000°C,  the  yield  of  crack  free 
material  is  much  greater  at  the  slower  rates.  Rates  up  to  200°C 

1  i  i 

per  hour  appear  to  cause  no  diificulty  in  heating  material  pre- 

1  i  ! 

viously  pyrolyzed  to  at  least  700°C.  Both  flowing  nitrogen  and' 
reduced  pressure  pyrolysis  have  been  employed.  Thus  far,  flowing 
nitrogen  appears  to  yield  less  difficulty  with  respect  to  cracking 
On  selected  samples,  carbon  recovery  and  shrinkage  data 
have  been  gathered.  In  both  cases  the  data  are  comparable  with 
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those  of  the  literature,  namely  a  carbon  recovery  based  on  the 
total  resin  weight  of:  about  55%  and  linear  shrinkage  of  about 
29%.  1 

Inhomogenieties  of  about  ly  in  diameter  in  the  starting 
i resin  were  noted  in  the  previous  report1.  These  regions  carry 
through  the  pyrolysis  and  cause  non-uniformity  in  the  final 
structure.  At  present,  no  completely  satisfactory  method  has 
been  found  for  eliminating  this  problem. 

I 

Rather'' subtle,  differences  exist  in  the  cured  resins 
which  result  in  different  properties  after  pyrolysis.  Thus  far 
no  satisfactory  means  for  quantitatively  studying  the  resin 
have  been  developed.  In  the  future  thermal  analysis  and  possibly 
infra-red  reflection  spectroscopy  will  be  investigated  as  a  means 
of  studying  the  resin  systems. 

i 

III .  Structural  Studies 

!  While  the  eventual  goal  of  this  study  is  to  correlate 

structure  at  various  stages  of  the  process  with  properties, 
the  results  thus  far  are  largely  drawn  from  samples  taken  at 
only  two  processing  stages.  The  first  stage  corresponds  to  a 

i 

maximum  temperature  exposure  in  the  range  650-1000°C,  while  the 
sec6nd  stage  is  that  formed  at  about  2000°C.  Further  exploration 

i 

of  the  stages  of  formation  will  proceed  after  appropriate  tech¬ 
niques  of  sample  preparation,  structural  analysis,  and  property 
measurement  are  fully  developed. 
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The  techniques  chosen  for  structural  examination  fall 
into  two  broad  categories  with  respect  to  the  information 
yielded.  The  first  yields  (predominantly)  information  about 
the  state  of  the  solid  making  up  of  the  structure,  while  the 
second  deals  mainly  with  the  void  structure.  In  the  first 
category  this  study  is  employing  bright  field  and  dark  field 
transmission  electron  microscopy,  electron  diffraction,  wide 
angle  X-ray  diffraction  (pinhole  and  diffractometer  methods) 
and  scanning  and  electron  microscopy.  The  last  two  methods 
also  yield  information  on  pore  structure. 

Additional  methods  used  to  establish  the  pore  structure 
are  small  angle  X-ray  scattering,  helium  pycnometry,  mercury 
porosimetry,  and  surface  adsorption.  An  attempt  is  also  being 
made  to  gain  structural  information  through  a  precise  measure¬ 
ment  of  the  thermodynamics  of  the  equilibrium 

C  .  =  C 

graphite  glassy 

Since  the  effort  required  to  carry  out  the  above  tech¬ 
niques  varies  substantially,  a  complete  set  of  data  will  be 
collected  on  only  a  limited  number  of  samples  after  screening 
with  more  routine  tests.  Apparent  and  real  (He)  density,  wide 
angle  X-ray  diffraction,  scanning  electron  microscopy  (SEM) , 
hardness,  compressive  strength,  tensile  strength,  and  sonic 
modulus  are  being  run  on  representative  samples  of  each  batch 
in  order  to  select  appropriate  samples  for  more  intensive  study. 
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A •  Solid  Structure 

X-Ray  Studies 

The  state  of  non-graphitizing  carbons  can  be  described 
by  the  "degree  of  graphitization"  which  can  be  obtained  approx¬ 
imately  from  the  measurement  of  the  "crystal  sizes”  and  "inter¬ 
layer  spacing".  The  measurement  of  the  "crystal  size"  and  the 
interlayer  spacing  is  being  done  as  a  routine  on  all  glassy 
carbon  to  obtain  an  approximate  idea  of  the  extent  of  graphiti- 
zation.  These  parameters  are  obtained  from  the  X-ray  profile 
from  the  diffractometer.  The  diameter,  Lfl#  and  the  height,  L 
Of  the  crystal  considered  as  a  right  cylinder,  are  measured  in 
the  crystallographic  3  and  S  directions.  They  can  be  obtained 
from  the  measurement  of  the  broadening  of  the  appropriate  X-ray 
diffraction  peaks.  The  interlayer  spacing  is  obtained  from  the 
diffraction  angle  at  which  the  corresponding  peak  is  found. 
However,  accurate  determination  of  the  broadening  parameters  by 
a  rigorous  analysis  of  the  experimental  X-ray  data  is  complicatec 
by  a  number  of  corrections* .  The  analysis  applies  strictly  to 
"size"  broadening  and  does  not  allow  for  strain  effects  or  for 
a  possible  distribution  of  layer  spacings.  As  a  result,  the 
broadening  parameters  in  this  report  are  evaluated  directly 
from  the  experimental  diffractometer  traces.  However,  as  pointed 
out  by  Short  and  Walker*,  even  with  this  so-called  crude  analysis 
the  lc  is  quite  satisfactory.  However,  the  dQ02  is  generally 
higher  than  obtained  by  the  more  rigorous  analysis.  Nevertheless 
the  d0Q2  and  the  L,  when  obtained  without  correction  are  satis- 
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factory  when  comparing  different  glassy-carbons,  all  run  under 
identical  conditions. 


Sample  Preparation 

The  glassy  carbon  samples  for  the  diffractometer  study 
can  be  either  solid  discs  or  powder  filled  in  a  cylindrical  hole 
supported  at  the  back  by  a  material  having  very  amorphous 
structure  and  low  density. 

The  use  of  a  solid  sample  gives  higher  diffracted  in¬ 
tensity  as  it  has  higher  bulk  density  than  the  powder.  However, 
the  time  involved  in  making  a  solid  disc  of  uniform  thickness 
is  not  justified  for  routine  work.  Therefore,  powder  of  less 
than  74p  was  used  except  where  noted.  The  powder  was  loaded 
into  a  sample  holder  and  supported  by  thin  circular  papers. 

The  dimensions  of  the  powder  sample  are  2.3  cm  in  dia¬ 
meter  and  3.0  cm  thickness.  The  region  without  any  intensity 
contribution  from  the  brass  sample  holder  is  only  2.0  cm  in 
diameter,  which  is  large  enough  for  a  diffraction  angle  (29) 
greater  than  18.1°,  employing  a  1°  primary  slit.  The  contribution 
of  paper  to  the  total  diffracted  intensity  is  small  and  negligible. 

Scanning  Speed  and  Other  Conditions 

To  obtain  an  accurate  X-ray  profile,  very  slow  scanning 
speed  should  be  employed.  However,  for  the  amorphous  materials 
such  as  glassy  carbon  dl/d(29)  is  very  small  at  all  (26)  so  that 
rates  up  to  (20) /min.  can  be  used  without  causing  under  shoot 
of  the  peaks. 


Using  higher  angle  slits  gives  higher  intensity  with 
•some  sacrifice  of  resolution.  In  this  study  a  slit  of  1°  opening 
was  used  since  this  slit  allows  a  scan  angle  as  low  as  18.1°  (26) 
for  the  sample  diameter  of  2.0  cm. 

Since  low  intensity  is  generally  a  problem,  maximum  tube 
voltage  and  current  are  used.  Nickel  filtered  Cu  Ka  radiation 
obtained  with  45KV  and  15ma  tube  settings  was  employed  throughout. 

To  obtain  accurate  portrayal  of  peak  profile,  a  low  value 
of  time  constant  (4  seconds)  was  used. 

Results 

The  values  of  the  "crystal  size"  and  the  interlayer 
spacing  are  given  in  Table  1  for  various  glassy  carbon  samples 
studied. 

The  samples  have  been  divided  into  four  types  depending 
upon  the  appearance  of  (002)  peak.  The  (002)  peak  is  generally 
smooth  (S)  and  quite  broad.  But  in  some  samples  appearance  of 
a  relatively  sharp  peak  occurs  superimposed  on  the  broad  002 
reflection.  This  behavior  is  designated  "2P"  since  the  behavior 
suggests  the  presence  of  two  phases.  Intermediate  cases  occur 
sometimes  where  the  peak  becomes  "not  very  smooth"  (NVS) .  In 
still  other  samples  a  sharp  peak  also  is  present  at  the  angle 
expected  for  well-defined  graphite.  In  this  case  the  peak  has 
been  designated  "3P".  Typical  (002)  peak  shapes  are  given  in 
the  Figures  1  to  5. 

The  (100)  peak  of  these  carbons  is  not  resolved  from 
(101)  peak.  So  strictly  speaking,  and  dlQ()  can  not  be 
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Figure  2.  ,  A  Typical  "S"  Peak  (002)  -  highly  graphitic 
sample.  317-33,  2000°C 
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TABLE  1 


SUMMARY  OF  X-RAY  DATA 


(All  values  in  Angstroms) 


(002)  * 
Peak 


Sample  Designation 

Type 

d  (002) 

Lc 

d  (10 ) 

La 

Graphite,  solid 

3mm  &  1mm  thick 

S 

3.37 

Very 

High 

2.13 

Very 

High 

Graphite 

S 

3.37 

Very 

High 

2.13 

Very 

High 

Graphite,  natural 
(Reported) 

S 

3.35 

Very 

High 

2.13 

Very 

High 

Graphite,  synthetic 
(Reported) 

S 

3.37 

Very 

High 

2.13 

Very 

High 

Commercial  Samples 


Lockheed,  2000°C 
solid,  3mm  thick 

S 

3.53 

21.2 

2.09 

98 

Lockheed,  2000°C 
(Reported) 

3.56 

19 

—  “ 

—  —  • 

Beckwith,  2000°C 
solid,  3mm  thick 

S 

3.55 

23.2 

2.09 

112 

Beckwith,  2000°C 
(Reported) 

3.54 

15 

— 

50 

Tokai,  1000°C 

solid,  3mm  thick 

s 

3.70 

14.2 

2.07 

43.7 

Tokai,  2000°C 
(Reported) 

— 

—  “ 

— 

— 

— 

Atomergic  Chemicals 
V-25 ,  2500°C 
solid,  3mm  thick 

Co. 

s 

3.52 

30.2 

2.09 

66 

Atomergic  Chemicals 
V-25,  2500°C 
(Reported) 

Co. 

Atomergic  Chemicals 
V-10,  1000°C 

Co. 

NVS 

3.44 

45 

2.10 

70 

Atomergic  Chemicals 
V-10,  1000°C 
(Reported) 

Co. 

*See  symbol  list  at  end  of  table. 
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Sample  Designation 


(002) 

Peak 

Type  d  (002 )  Lc 


d  (10) 


La 


311-9,  2000°C 

S 

-19,  700°C 

S 

-20,  2000°C 

S 

-21,  2000°C 

S 

-22,  2000°C 

2P 

-25,  700°C 

S 

-30A,  2000°C 

S 

-31,  2000°C 

S 

312-8,  2000°C 

S 

-9,  2000°C 

2P 

-10,  700°C 

S 

-10,  2000°C 

S 

-14,  2000°C 

S 

-14A,  2000°C 

3P 

-15,  2000°C 

S 

-16,  200C°C 

3P 

-21, 

2000°C 

S 

-26, 

2000°C 

S 

-28, 

2000°C 

S 

-29, 

2000°C 

S 

-31, 

2000°C,  solid 

S 

3mm 

thick 

-32, 

2000°C 

s 

-33, 

2000°C 

NVS 

-34, 

2000°C 

2P 

-39, 

2000°C 

S 

-40, 

2000°C 

2P 

-43, 

2000°C 

2P 

-44, 

2000°C 

2P 

-48, 

2000°C 

3P 

-49, 

2000°C 

S 

315-1,  2000°C 

S 

-2,  2000°C 

2P 

3.54 

28.0 

2.10 

57 

3.63 

18.0 

— 

3.53 

27.2 

2.10 

46 

3.52 

27.2 

2.10 

54 

2.49 

29 

2.12 

>125 

3.45 

3.70 

21.0 

— 

_  _ 

3.51 

23.4 

2.10 

54 

3.50 

25.0 

2.10 

51 

3. 52 

27.0 

2.10 

42 

3.52 

27.0 

2.10 

57 

3.45 

3.65 

16.2 

— 

_  _ 

3.49 

35.  0 

2.11 

53 

3.51 

29.0 

2.09 

61 

3.46 

32.0 

2.12 

>150 

3.43 

3.36 

3.52 

27.1 

2.11 

51 

3.47 

32.1 

2.11 

51 

3.43 

3.36 

3.51 

30.8 

2.10 

57 

3.51 

27.8 

2.09 

48 

3.51 

27.2 

2.10 

51 

3.51 

34.0 

2.10 

57 

3.57 

27.6 

2.10 

56 

3.51 

30.8 

2.10 

54 

3.48 

30.8 

2.10 

52.8 

3.46 

33.  0 

2.11 

46.2 

3.44 

3.49 

29.8 

2.10 

53 

3.48 

30.1 

2.09 

54 

3.45 

3.48 

33.2 

2.11 

51 

3.43 

3. 48 

42.0 

2.11 

51 

3.44 

3.46 

30.4 

2.10 

37 

3.43 

3.37 

3.  52 

31.1 

2.11 

61 

3.53 

27.2 

2.10 

48 

3.49 

29.0 

2.10 

54 

3.43 
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(002) 

Peak 


Sample  Designation 

-  Type 

d (002) 

Lc 

d  (10) 

La 

315-3 /  700°C 

S 

3.  71 

16.2 

-5,  2000°C 

2P 

3.49 

3.44 

29.0 

2.11 

54 

-8,  2000°C 

2P 

3.49 

3.44 

28.2 

2.10 

56 

-9,  2000°C 

2P 

3.47 

3.44 

33 

2.11 

47 

-14 ,  2000°C 

S 

3.53 

26.3 

2.10 

54 

-18,  2000°C 

3P 

3.40 

3.382 

3.351 

45.0 

t 

t 

-20,  680°C 

S 

3.70 

16.3 

mm  mm 

-20A,  2000°C 

2P 

3.53 

3.43 

28.0 

2.10 

57 

-21C,  2000°C 

2P 

3.52 

3.43 

27.8 

2.10 

57 

-22,  665°C 

S 

3.67 

16.4 

-22,  2000°C 

S 

3.52 

28 

2.10 

51 

-24A,  2000°C 

2P 

3.47 

3.38 

20 

-25A,  2000°C 

S 

3.52 

26.5 

2.09 

48 

-26B,  2000°C 

3P 

3.50 

3.41 

3.37 

26.5 

2.10 

46 

-26C ,  680°C 

S 

3.69 

17.1 

mm  mm 

-28,  2000°C 

2P 

3.52 

3.43 

26 

2.10 

46 

-28B,  600°C 

S 

3.70 

16.8 

.... 

.... 

-30,  2000°C 

2P 

3.56 

3.43 

24 

2.09 

48 

-31,  680°C 

S 

3.70 

18.2 

-34,  680°C 

S 

3.69 

15.4 

.... 

_  . 

-36,  2000°C 

3P 

3.52 

3.43 

3.37 

24.3 

2.10 

48.5 

-45,  2000°C 

S 

3.49 

27.2 

2.10 

46.6 

316-6,  2000°C 

NVS 

3.50 

27.0 

2.11 

57 

-7,  2000°C,  Run  1 

S 

3.49 

28.0 

2.10 

45 

-7,  2000°C ,  Run  2 

S 

3.52 

27.0 

2.10 

53 

-15,  2000°C 

2P 

3.40 

32.0 

+ 

t 

-28,  2000°C 

S 

3.50 

27.2 

2.10 

51 

-32,  2000°C 

2P 

3.42 

3.40 

53.0 

t 

t 

+The  position  of  (10)  peak  could  not  be  determined  due  to  the 
presence  of  MoC  and  M02C.  (104)  peak  of  MoC  has  d  =  2.122  A, 
which  completely  shadows  the  (10)  peak  of  the  samples. 
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Sample  Designation 


(002) 

Peak 

Type  d  (002 )  Lc 


I 


317-1,  700°C 

s 

-1,  2000°C 

S 

-2,  700 °C 

s 

-2,  2000°C 

NVS 

-6,  700°C 

s 

-6,  2000°C 

NVS 

-7,  700°C 

s 

-7,  2000°C 

NVS 

-8,  700°C 

s 

-8,  2000°C 

2P 

-10,  2000°C 

NVS 

-11,  700°C 

s 

-13,  700°C 

s 

-13,  2000°C 

NVS 

-14,  700°C 

S 

-14,  2000°C 

NVS 

-15,  700°C 

S 

-15,  2000°C 

NVS 

-16,  2000°C 

S 

-18,  2000°C 

S 

-19,  700°C 

S 

-19,  2000°C 

NVS 

-20,  700°C 

s 

-20,  2000°C 

S 

-24,  2000°C ,  Run 

1 

NVS 

-24,  2000°C ,  Run 
solid,  3mm  thick 

2 

NVS 

-25,  2000°C 

S 

-26,  2000°C ,  Run 

1 

NVS 

-26,  2000°C,  Run 
solid,  3mm  thick 

2 

2P 

-28,  2000°C 

NVS 

-29,  700°C 

2P 

-29,  2000°C ,  Run 

1 

NVS 

-29,  2000°C,  Run 

2 

NVS 

-30,  2000°C 

2P 

-31A,  2000°C 

S 

-32,  700°C 

S 

-32,  2000°C 

2P 

d  (10)  La 


3.71 

20.0: 

— 

3.46 

45.0 

2.11  i 

63 

3.68 

15.7 

— 

3.48 

24.6 

2.09 

47 

3.71 

13.0 

— 

3.55 

32.0 

2.10 

55 

3.68 

16.0 

—  , 

3.46 

27.5 

2.10 

1  50 

3.  71 

11.5 

— 

3.56 

20.0 

2 .10 

44 

3.46 

3.48 

26.0 

2.10 

68 

3.71 

16.3 

i — 

3.72 

15.0 

—  _ 

*  w 

i3.47 

24.0  1 

.  2.08 

66 

3.71 

15.7 

3.45 

27.0 

2.09 

4  '6 

3.71 

15.3 

— 

3.47 

26.0 

2.09  , 

54 

3.54 

24.0 

2.09 

53 

3.59 

21.0 

2.09 

'  58 

3.68 

16.5 

—  ; 

n  — 

3.49 

30.0 

'  2.09  . 

52 

3.66 

17.5 

— 

■+- 

3.50 

25.6 

2.09 

48 

3.52 

24.0 

2.09  1 

4,5 

3.49 

21.0 

2.09 

50 

3.53 

20. Q 

?.op 

50 

3.48 

26.0 

2.09 

48' 

3^46 

24.2 

2.10 

51 

3.43 

3.46 

25.0 

2,09 

52 

3.43 

21.5 

t  ' 

t 

3.42 

3.43 

65.0 

l  +  , 

t 

3.426 

75 

t 

t 

3.44 

29.5 

t 

t 

3.40 

3.58 

22.0  ; 

2.10 

46 

3.51 

3.48 

23.6 

2.Q8 

49  1 

iThe  position  of  (10)  peak  could  not  be  determined  due 
presence  of  MoC  and  Mo2C.  (104)  peak  of  MoC  has  d  =:  2.122  A 
which  completely  shadows  the  (10)  peak  of  the  samples. 


1  (002) 
Peak 


Sample  Designation 

-  Type 

a (002) 

Lc 

d  (10) 

La 

317-33,,  7!00oq 

r  S 

3.68 

17.0 

-33,  2000°C 

S 

3.414 

92 

2.10 

49 

-34,  700°C 

s 

3.68 

17.0 

734,  2000°C 

l 

3P 

\ 

3.44 

3.42 

3.36 

30.0 

2.09 

50 

-35,  700°C  i 

S 

3.71 

16.0 

_  _ 

,  -35,  2000'°C 

,  1  ;• 

!  1 

3P 

.  3.50 

3.43 

3.  36 

26.5 

2.10 

62 

-37,,  700°C 

S 

3.68 

15.6 

_  _ 

— _ 

-37 ,  2000°C 

NVS 

3.43 

43.0 

2.10 

63 

-38,  700°t  i  . 

S 

3.68 

15.6 

-38, , 2000°C 

3P 

i 

s 

3.54 
:  3.43 

3.37 

25.0 

2.09 

51 

-39,  2000°C,  Run  1 

s 

3P 

3.45 

3.43 

3.36 

28.0 

2.10 

52 

-39,  2000°£,  Run- 2  . 
solid,  1mm  thick 

3P 

3.52 

3.42 

3.37 

24.2 

2.09 

45 

: -39,  2000°C ,  Run  3 
solid,  '1mm  thick 

3P 

r 

3.52 

3.41 

3.37 

23.5 

2.09 

49 

-40B,  2000°C 

3P 

3.49 

3.42 

3.36 

24.8 

2.10 

48 

-4lA,  2000°C 

S 

3.53 

26.5 

2.10 

48 

-41B,  2000°C 

s 

3.53 

28  0 

2.10 

54 

-42,  2000°C 

1 

3P 

3.49 

3.42 

3.36 

26.0 

2.10 

42.6 

-43,  2000°C 

i  i  1 

3P 

3.45 
,  3.42 
3.35 

26.0 

2.09 

56 

-44,  2000°C 

i 

3P 

3.48 

3.42 

3.36 

30.0 

2.09 

55 

-45,  700°C 
i  solid,  1mm  thick 

S  . 

3.75 

12.9 

— 

— 

-45,  2000°C,  Run  1 

1  , 

3P 

:  3.48 

3.40 

3.  35 

25.0 

2.09 

60 

-45,  2000 °C„  Run  2 

) 

1 

.  3P 

3.46 

3.42 

3.35 

24.0 

2.09 

42 

i 


i 
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(002) 

Peak 


Sample  Designation 

Type 

d (002) 

LC 

d  (10 ) 

La 

317-46,  2000°C 

3P 

3.43 

31.5 

2.10 

75 

3.  42 

3.36 

-47,  2000°C 

3P 

3.50 

27.0 

2.10 

60 

3.42 

3.36 

-48,  700°C ,  Run  1 

S 

3.71 

16.2 

— 

—  — 

-48,  700°C,  Run  2 

S 

3.87 

17.4 

— 

—  — 

-48,  2000°C ,  Run  1 

3P 

3.45 

40.0 

2.10 

60 

3.43 

3.37 

-48,  2000°C ,  Run  2 

3P 

3.  46 

34.0 

2.10 

59 

solid,  1mm  thick 

3.43 

3.37 

-49,  700°C 

S 

3.71 

15.7 

-49,  2000°C ,  Run  1 

3P 

3.49 

29.0 

2.09 

62 

3.41 

3.35 

-49,  2000°C ,  Run  2 

3P 

3.46 

33.0 

2.09 

60 

solid,  1mm  thick 

3.44 

3.37 

-50,  700°C 

S 

3.67 

15.6 

— 

—  — 

318-1,  2000°C 

S 

3.55 

28.0 

2.10 

54 

-2,  2000°C 

S 

3.51 

27.0 

2.10 

55 

-3,  700°C ,  Run  1 

S 

3.70 

16.7 

— — 

—  “ 

-3,  700°C ,  Run  2 

s 

3.69 

16.7 

— 

“  — 

-3,  2000°C 

21 

3.46 

26.0 

2. 11 

51 

3.41 

-4,  700°C 

S 

3.66 

16.8 

— 

— 

-6A,  2000°C 

S 

3.50 

31.0 

2.09 

59 

-7,  2000°C ,  Run  1 

s 

3.50 

28.0 

2.10 

65 

-7,  2000°C ,  Run  2 

s 

3.49 

28.0 

2.10 

45 

solid,  3mm  thick 

-8,  2000°C ,  Run  1 

s 

3.45 

39.0 

2.10 

63 

-8,  2000°C,  Run  2 

s 

3.45 

43.  5 

2.10 

77 

solid,  2mm  thick 

-9,  2000°C 

2P 

3.48 

32.5 

2.11 

57 

3.46 

-10,  520°C 

s 

3.74 

15.2 

— 

— 

-10,  2000°C 

s 

3.49 

33.8 

2 .12 

50 

-11,  2000°C ,  Run  1 

NVS 

3.42 

77 

2.10 

38 

-11,  2000°C,  Run  2 

NVS 

3.43 

78 

2.11 

40 

-12,  2000°C 

3P 

3.49 

31.4 

2.09 

59 

3.43 

3.36 

-13,  2000°C 

NVS 

3.42 

44.0 

2.10 

58 

-14,  700°C 

S 

3.65 

16.0 

— 

—  — 
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(002) 

Peak 


Sample  Designation 

Type 

d (002) 

Lc 

d  (10) 

La 

31P-14 , 

2000°C 

3P 

3.48 

30.5 

2.10 

60 

3.43 

3.36 

-15, 

700°C,  Run  1 

S 

3.75 

16.0 

— 

— 

-15, 

700°C ,  Run  2 

S 

3.75 

15.1 

— 

— 

-15, 

2000°C 

3P 

3.45 

30.2 

2.10 

60 

3.42 

3.  37 

-16, 

700°C 

S 

3.72 

15.7 

— 

— 

-16, 

2000°C 

2P 

3.43 

39.0 

2.09 

49 

3.41 

-17, 

700°C 

S 

3.68 

16.7 

— 

— 

-17, 

2000°C 

NVS 

3.45 

42.0 

2.11 

59 

-18, 

700°C,  Run  1 

S 

3.68 

16.4 

— 

— 

-18, 

700°C,  Run  2 

S 

3.71 

16.3 

— 

— 

-18, 

2000°C 

s 

3.55 

25.6 

2.10 

44 

-19, 

2000°C 

s 

3.52 

26.0 

2.09 

59 

-20, 

700°C 

s 

3.67 

16.0 

— 

— 

-20, 

2000°C 

s 

3.53 

21.0 

2.09 

48 

-21, 

700°C ,  Run  1 

s 

3.78 

14.0 

— 

— 

-21, 

700°C ,  Run  2 

s 

3.75 

15.4 

— 

— 

-21, 

2000°C 

s 

3.55 

23.6 

2.10 

55 

-22, 

700°C 

s 

3.70 

15.4 

— 

— 

-22, 

2000°C ,  Run  1 

NVS 

3.44 

65 

2.10 

55 

-22, 

2000°C ,  Run  2 

NVS 

3.44 

64 

2.11 

54 

-23, 

700°C 

S 

3.74 

16.0 

— 

— 

-23, 

2000°C 

s 

3.63 

63 

2.10 

73 

-24, 

700°C 

s 

3.64 

16.7 

— 

— 

-24, 

2000°C 

s 

3.44 

45 

2.10 

68 

-26, 

700°C ,  Run  1 

s 

3.69 

15.7 

— 

— 

-26, 

700°C ,  Run  2 

s 

3.75 

16.1 

— 

— 

-26, 

700°C ,  Run  3 

s 

3.69 

16.7 

— 

— 

-27, 

2000°C 

2P 

3.45 

35.4 

2.10 

47 

3.41 

-28, 

700°C 

S 

3.75 

18.0 

— 

— 

-28, 

2000°C 

2P 

3.47 

27.0 

— 

— 

3.42 

-29, 

2000°C ,  Run  1 

NVS 

3.45 

30.0 

2.08 

62 

-29, 

2000°C,  Run  2 

2P 

3.50 

30.5 

2.10 

65 

solid,  1mm  thick 

3.44 

-29, 

2000°C,  Run  3 

2P 

3.52 

31.0 

2.10 

60 

3.42 

-30, 

700°C 

S 

3.64 

15.2 

— 

— 

-30, 

2000°C ,  Run  1 

2P 

3.48 

34.1 

2.11 

69 

3.43 

-30, 

2000°C ,  Run  2 

3P 

3.45 

31.0 

2.11 

63 

3.41 

.3.36 
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T 


(002) 

Peak 


Sample  Designation 

Type 

d  (002) 

Le 

d  (10) 

La 

318-31 ,  2000°C ,  Run  1 

2P 

3.45 

35.5 

2.10 

64 

-31,  2000°C ,  Run  2 

3P 

3.43 

3.  47 

31.0 

2.11 

63 

-32,  700°C,  Run  1 

S 

3.41 

3.36 

3.64 

15.7 

-32,  700°C ,  Run  2 

S 

3. 63 

16.0 

—  — 

_  _ 

-32,  2000°C 

S 

3.44 

47.0 

2.10 

65 

-33,  700°C 

S 

3.66 

16.7 

— 

— 

-33,  2000°C 

NVS 

3.46 

28 

2.11 

64 

-34,  700°C 

S 

3.63 

16.5 

— 

— 

-34,  2000°C 

3P 

3.49 

37.0 

2.10 

59 

-35,  700°C 

S 

3.43 

3.36 

3.71 

15.3 

-35,  2000°C 

3P 

3.50 

34.0 

2.11 

67 

-36,  700°C 

S 

3.44 

3.37 

3.68 

17 

-36,  2000°C 

2P 

3.51 

28.0 

2.10 

49 

-37,  700°C 

S 

3.44 

3.71 

16.1 

-37,  2000°C 

3P 

3.46 

33.6 

2.10 

52 

-38,  700°C 

S 

3.43 

3.376 

3.71 

15.6 

-38,  2000°C 

3P 

3.47 

28.0 

2.10 

49 

-39,  700°C ,  Run  1 

S 

3.43 

3.  37 
3.71 

17.0 

-39,  700°C ,  Run  2 

S 

3.65 

17.2 

—  — 

__ 

solid,  1mm  thick 
-39,  2000°C 

S 

3.51 

26.1 

2.09 

60 

-40,  700°C 

S 

3.71 

15.0 

— 

— 

-40,  2000°C 

2P 

3.52 

28.0 

2.11 

54 

-41,  700°C 

S 

3.45 

3.71 

14.8 

-41,  2000°C 

S 

3.50 

28.0 

2.09 

57 

-43,  700°C ,  Run  1 

s 

3.69 

17.0 

— 

__ 

-43,  700°C ,  Run  2 

s 

3.71 

13.8 

— 

__ 

solid,  1mm  thick 
-43,  2000°C 

s 

3.44 

31.0 

2.12 

58 

solid,  3mm  thick 
-44,  700°C 

s 

3.72 

15.6 

-44,  2000°C 

s 

3.55 

27.2 

2.10 

44 

-45,  700°C 

s 

3.71 

15.7 

— 

— 

-45,  2000°C 

s 

3.56 

25.4 

2.10 

46 
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Sample  Designation 

318-46,  700°C 
“46,  2000°C 
solid,  1mm  thick 


(002) 
Peak 
Ty 

S 
S 


d (002)  Lc 


d  (10) 


La 


-47,  700°C 
-47,  2000°C 
-48,  2000  °C 
-48,  2000°C 
-50,  700°C, 
-50,  700°C, 
-50,  2000 °C 
-51,  2000°C 
-52,  2000°C 
-53,  2000°C( 
-53,  2000°C, 
-54,  700°C 
-55,  700°C 
-56,  2000°C 
-58,  700°C 
-58,  2000°C 
-59,  700°C 
-59,  2000°C 
-60,  700°C 
-60,  2000°C 


-61 

,  700°C 

-61 

,  2000°C 

-62 

,  700°C 

-62 

,  2000°C 

321-1, 

700°C 

-2, 

700°C 

-2, 

2000°C 

-3, 

700°C 

-3, 

2000°C 

-4, 

700°C 

-4, 

2000°C 

-5, 

700°C 

-5, 

2000°C 

-6, 

700°C 

-6, 

2000°C 

-7, 

700°C 

-7, 

2000°C 

-8, 

700°C 

-8, 

2000°C 

S 

NVS 

Run  1  S 

Run  2  S 

Run  1  S 

Run  2  S 

S 

s 

s 

Run  1  S 

Run  2  S 

S 

s 

s 

s 

NVS 

s 

s 

s 

2P 

s 

s 

s 

s 

s 

2P 

3P 


s 

s 

s 

s 

s 

s 

s 

s 

s 


3.71 

15.9 

3.53 

26.  2 

3.71 

15.0 

3.49 

29.0 

3.53 

26.8 

3.52 

29.2 

3.71 

14.3 

3.71 

15.5 

3.53 

26.0 

3.5G 

27.2 

3.53 

26.5 

3.52 

26.5 

3.54 

30.0 

3.66 

17 

3.71 

15.2 

3.54 

27.0 

3.71 

18.0 

3.51 

28.2 

3.68 

16.7 

3.51 

26.0 

3.70 

15.7 

3.47 

32 

3.44 

3.71 

18.6 

3.52 

23.3 

3.70 

15.3 

3.56 

22.5 

3.66 

5 

3.63 

17.4 

3.57 

3.54 

22.8 

3.43 

3.38 

3.64 

17.4 

3.53 

24.3 

3.64 

17.2 

— 

— 

3.63 

15.4 

3.49 

26.4 

3.64 

17 

3.54 

27.7 

3.69 

18 

— 

— 

3.69 

17.5 

2.11  51 


2.10  48 

2.10  54 

2.10  42 


2.10  46 
2.10  56 
2.10  54 
2.10  54 
2.10  60 


2.10  54 

2.10  51 


2.09  55 

2.10  51 


2.10  51.5 


2.10  51 


2.09  53.7 

2.10  48 


-23- 


! 


Sample  Designation 

321-9,  700°C 
-9,  2000°C 
-10,  700°C 
-10,  2000°C 
-11,  700  °C 


(002)  , 

Peak 

Type  d  (002)  '  Lc 
S  3.67  17.4 

S  '  3.67  -17.0 

S  3.71  ,  17.0 


d  (10)  La 


Symbols  Used  in  the  Tables 


(002)  Peak  Type 


S:  "Smooth"  (or  single  phase)  Peak 

NVS :  "Not  Very  Smooth"  Peak  i  ' 

2P:  "2  .Phase"  Peak  i  '  1 

3P:  "3  Phase"  Peak  , 

Experimental  Condition 

All  the  samples  were  run  in  a  Phillips-Norelco  Diffracto¬ 
meter  using  CuKa  radiation  under  the  following’ conditions1: 

Tube  Voltage:  45KV  •  , 

Tube  Current:  .  14mA  i 

Proportional  Counter  Voltage:  1.622  KV  ' 

Proportional  Counter  Time  Constant:  4  sec.  i 

•  !  I 

Chart  Speed:  1/2  inch/min. 

Scan  Speed:  1/2  degree!  (20')/ini!n.  1  ' 

Slits:  l°/006"/l°  at  Primary/Scattering/Secondary 
Powder  used  of  thickness,  of  3nuh  in  all  the  cases  except 
where  otherwise  designated. 
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;  1  I  ! 

calculated.  However,  to  get  some  idea  of  thp  size  of  the 

•  ■> 

crystal  in  the  a  direction,  L  was  calculated , from  the  unresolved 

.Cl  ' 

(100)  and  (loi)  peak  which  is  designated  the  (10)  peak.  There- 

1  I 

fore,  the  valuer  of  d^Q  and  shoulc^,  be  interpreted  accqrdirigly . 

\  1 

To  determine,  the  L  and  L  a  base  value  of  intensity 

C  3.  J 

was  determined.  This  base  value1  was  taken  as  the  minimum  value 

.  '  i  ■  1  ,  .  ;  ' 

of  intensity  in  the  region  between | (002)  and  (10)  peak.  This 

minimum  value  generally  occurred  near  35-40°  (20).  Since  in 

i  |  t 

!  .  '  1 

this  region  the  intensity  is  very  small  it  was  determined  by 

I  'll 

I  I  ‘  %  J 

manual  rotation  of1  the  goniometer.  A, line  parallel  to  the  base 
line  was  cjlrawn  at  3/4  of  the  peak  height  above  the  base  line.' 

Then  'use  of  the  Scherrer's  equation, 

1  ,  L  =  0-51 A  '  !  ' 

~  ZTfsfinO)  | 

I  }  J  ' 

yielded1 the  ,required  value  of  crystal  size. 

,  In  the  cases  of  " 2P"  pr  "3P",  e  smooth  curve  was  drawn 
through  the  profilh.  The  "L  "  reported  are  for  the  smoothed 

(  ,  I  C 

brodd  pec*k.  The  other  value  of  dQ()2  given  is  lower  than  dQ02 
corresponding  to  the  broad  peak. 

Discussion  i  '  1  ' 

j 

1  i  , 

Use  of  powder  in  place  of  the  solid  sample  was  justified, 

(l  '  j  1 

as 1  there  was  excellent  agreement  within  experimental  errors  beL 
tween  values  obtained  by  both  ways.!  For  example  317-29  (2000°C) , 

317- 39  (2000°C)  ,  317J45  (2000°C)1,  317-48  (2000°C)  ,  317-49  (2000°C) 

•  !  • 

i  i 

318- 8  (2000°C ) ,  etc.,  show  good  agreement.  Thus  use  of  powder  is, 

«  ■  I  I  !  t  j 

made  and  has  a  distinct  advantage  over  solid  samples  as  the 

,  i  '  ' 

i 


i 


sample  can  be  made  very  uniform  while  minimizing  sample  prepar¬ 
ation  time. 

In  general,  the  dQ02  and  I<c  data  for  the  broad  "S"  type 
patterns  is  similar  to  that  reported  in  the  literature.  Repre¬ 
sentative  reported  values  together  with  experimental  determinations 
on  various  commercial  glassy  carbons  and  graphites  are  reported 
in  Table  1. 

Correlation  of  the  X-ray  parameters  with  other  properties 
is  underway.  However,  no  definite  conclusions  can  be  drawn  at 
the  present  time. 

Electron  Microscopy  and  Diffraction 

Transmission  electron  microscopy  (TEM)  was  used  to 
examine  the  microstructure  of  selected  glassy  carbon  samples. 

With  a  resolving  power  of  20  Angstroms,  bright  and  dark  field 
(TEM)  was  capable  of  viewing  particles  or  structural  features 
the  size  of  the  "crystallites"  suggested  by  X-ray  line  broadening 
analysis.  TEM  was  therefore  used  as  a  tool  to  study  the  material's 
micro-homogeniety  and  the  structure  on  a  size  scale  down  to  20 
Angstroms.  With  the  capabilities  of  selected  area  electron 
diffraction,  the  variation  of  dQ(J2  and  d1Q  within  a  sample  was 

also  studied  and  compared  to  the  average  d-spacing  obtained  with 
X-ray  diffraction. 

As  reported  earlier1,  the  most  successful  TEM  results 
were  obtained  by  viewing  small  particles  of  the  sample  directly. 
These  particles  (0.1-1.0y  in  diameter),  obtained  by  filing, 
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were  deposited  on  a  400  mesh  copper  microscope  grid.  The 
particles  adhered  to  the  grid  bars,  thereby  exposing  edges  thin 
enough  for  transmission  of  the  electron  beam.  A  number  of  samples 
prepared  unde-  different  processing  conditions  were  analyzed. 

Bright  field  electron  micrographs,  obtained  at  magnifi¬ 
cations  of  36,400  and  66,300X  revealed  similar  structural  features 
to  those  reported  previously1.  In  general,  irregularly  shaped 
platelets  150-500A  in  diameter,  which  contained  a  granular  texture 

O 

20-70A  in  diameter,  were  observed.  The  granular  texture,  in 
agreement  with  the  previous  findings,  was  more  distinct  in  samples 
baked  at  2000°C  than  in  those  baked  at  700°C.  The  characteristic 
platelet  and  granular  diameters  are  listed  in  Table  2. 

At  the  present  time  it  is  difficult  to  draw  a  conclusion 
relating  platelet  size  to  processing  and  properties  due  to  the 
large  variation  in  platelet  sizes  and  regularity.  More  samples 
must  be  studied  in  detail. 

The  granular  texture  size  recorded  in  Table  2  is  shown 
to  be  comparable  to  the  crystallite  size,  L  ,  as  measured  by 
X-ray  line  broadening.  This  suggests  that  the  granular  texture 
represents  small  para-crystalline  regions.  In  support  of  this 
suggestion  is  the  observation  that  a  well-defined  texture  is  not 
observed  in  the  700°C  samples  since  X-ray  line  broadening  gives 
values  for  Lc  of  less  than  20A,  which  is  below  the  minimum 
resolution  of  the  microscope.  This  suggests  that  the  glassy 
carbon  materials  crystallize  by  the  formation  of  small  "crystallites" 
and  that  the  perfection  of  these  crystallites  improves  with  in- 


-27- 


TABLE  2 


Sizes  of  the  structural 
dark  field  electron  micrographs 
obtained  from  X-ray  analysis. 


features  observed  in  bright  and 
are  compared  to  crystallite  sizes 


Sample  # 

Platelet 
Dia.  A 

Granulation* 
Dia.  A 

Dark 

Field  (A)** 

X-Ray 

Lc 

(A) 

La 

311-19,  2000°C 

150-500 

30-40 

20-40 

311-19,  750°CX 

150-350 

20-30 

No  diffr. 
areas 

14 

19 

312-31,  2000°C 

200-500 

20-45 

20-45 

27.6 

56 

317-24,  2000°C 

250 

42 

60+ 

24 

45 

317-29,  2000°C 

>250 

60 

30-70+ 

65-75 

_  _ 

317-45,  2000°C 

>500 

30 

— 

25 

60 

318-22,  2000°C 

>500 

40-60 

35 

65 

55 

318-22,  700°C 

250 

Ill-defined 

None 

15.7 

318-23,  2000°C 

250 

50 

50 

63 

73 

318-23,  700°C 

Ill-defined 

— 

None 

16 

__  __ 

318-29,  2000°C* 

>500 

30-40 

60 

31 

63 

♦Diameter  corresponds  to  distances  between  nearest  neighbors. 
Diameter  of  diffracting  regions  obtained  from  002  halo. 

+°*r*  from  002  spots  reveal  diffracting  regions  of  sizes 

^up  to  500A  in  diameter. 

A  second  structural  feature  was  observed  in  the  bright  field 
micrographs  of  these  samples. 0  This  new  feature  appeared  to 

cylinders  500A  in  diameter  by  about  ly  long. 
Reguiar  stnations  along  the  length  were  spaced  45A  apart. 
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creasing  temperatures. 

Occasionally,  platelets  in  the  2000«C  samples  did  not 
Show  the  granulated  textures  but  were  relatively  smooth  as  shown 
in  Figure  6  for  sample  318-22,  2000-C.  This  smooth  surface  appears 
similar  to  the  platelets  found  in  700"C  samples,  suggesting  that 
the  sample  is  inhomogeneous  on  a  microscale.  Another  exceptional 
feature  was  observed,  but  only  in  samples  318-29,  2000-C  and 
311-19,  750-C.  instead  of  irregular  platelets,  the  features 
observed  were  cylindrical  in  shape,  with  a  site  of  sook  diameter 
by  about  In  long,  and  contained  regular  45A  wide  striations 
along  the  cylinder  axis.  The  striations  appear  to  consist  of  a 
granular  texture  as  shown  in  Figure  7,  which  suggests  that  possible 
further  crystallisation  occurs  by  the  alignment  of  the  previously 
discussed  granules  as  has  been  observed  in  polymer  crystallisation. 

Dark  field  electron  micrographs,  obtained  from  the  002 
reflection,  reveal  as  bright  spots  regions  or  “crystallites”  of 
specific  orientations.  The  objective  apperature  was  placed  either 
over  a  portion  of  the  002  Debye-Scherrer  ring  (See  Figure  8-b, 
circle  c)  or  over  an  002  spot  reflection  (see  Figure  8-b,  circle  d) . 
Examples  of  typical  dark  field  micrographs  are  shown  in  Figure 
8-c,d  for  sample  317-29,  2000”C.  The  dark  field  from  the  002 
ring  shows  bright  spots  indicating  diffraction  regions  30-70A  in 
diameter  (Figure  8-c) ,  whereas  the  dark  field  from  an  002  spot 
shows  additional  larger  diffracting  regions,  in  some  cases  50ol 
in  diameter  (Figure  8-d) .  This  suggests  that  the  "spots"  in  the 
diffraction  pattern  are  from  exceptionally  large  crystallites. 
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Figure  6.  Sample  318-22,  2000°C.  Typical  platelet  and 
granular  features  are  shown  in  addition  to  an 
exceptionally  smooth  platelet  feature  which  is 
occasionally  observed. 


Figure  7.  Cylindrical-type  features  observed  only  in 
samples  318-29,  2000°C  and  311-19,  750°C. 

This  is  an  exceptional  case  even  within  these 
samples . 
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(c)  (d) 


Figure  8.  Sample  317-29,  2000°C.  (a)  Bright  field  electron 

micrograph.  (b)  Selected  area  electron  diffrac¬ 
tion  pattern  showing  002  ring,  002  spots  and  10 
ring.  The  110  ring  did  not  reproduce.  Circles 
c  and  d  show  the  aperature  size  and  location  used 
for  the  dark  field  micrographs  c  and  d,  respec¬ 
tively.  (c)  Dark  field  micrograph  from  002  ring 
(d)  Dark  field  micrograph  from  002  spot. 
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In  general,  the  dark  field  diffracting  regions  from  the  002  rings 
show  particles  similar  in  size  to  the  granulation  found  in  the 
bright  field  and  in  agreement  with  X-ray  analysis.  (See  Table  2.) 
This  suggests  that  the  granular  texture  observed  in  the  bright 
field  is  a  crystalline  texture,  since  the  dark  field  micrographs  1 
were  obtained  from  crystalline  reflections.  ,  A  comparison  between 
the  two  dark  field  images  from  the  same  specimen,  but  from  different 
regions  of  the  002  ring,  shows  different  diffracting  regions.  This 
implies  that  the  "bright  spots"  are  not  due  to  differences  in  den¬ 
sity  or  thickness  but  are  from  crystalline  reflections  of  specific 
orientations. 

1  '!  ,  ■  i 

Dark  field  micrographs  could  not  be  obtained  for  the 
700 °C  samples  since  the  002  ring  was  extremely  diffuse  and  often 
times  not  even  detectable.  In  addition,  dark  field  micrographs 
using  the  10  ring  did  not  sh  -  any  diffractihg  regions  possibly 
because  of  the  low  intensity  of  this  ring.  1 

Selected  area  electron  diffraction  patterns  in  most  cases 
displayed  three  diffuse  Debye-Scherrer  rings; corresponding  to  1 

the  (110),  (10)  and  (002)  planes  (See  Figure  8-b) .  The  sharpness 
of  these  rings  varied  from  sample  to  sample  and  from  area  to  ^rea  * 
within  a  particular  sample,  but  in  general  were  sharper  for  the 
2000°C  samples.  This  suggests  either  the  sahtple , contains  "crystals" 
having  an  imperfect  lattice  and/or  contains  many  small  crystals. 

In  addition,  it  shows  that  a  particular  sample  is  not  homogeneous.  • 

In  addition  to  Debye  rings,  some  of  the  diffraction 
patterns  (more  prevalent  in  the  2000»C  samples)  contained  diffrac- 

!  ' 

I 

I  l 

i 
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tion  spots  .'(See  Figure  8— 1> )  .  The  spots  often  were  superimposed 
on  the  'Debye  rings  and  in  so^e  cases  were  slightly  displaced 

i 

from  the  ring  showing  a  smaller  d-spacing.  The  presence  of 
diffraction  spots  suggests  that  larger  and/or  more  perfect 

!  i  '  } 

crystals  are  present  in  that  particular  area. 

There  was,  in  general,  good  agreement  between  the  d- 

I  ,  *  .  .. 

spacings  of  the  ,  (hko)  reflections  of  graphite  and  the  glassy 
carbon  samples  as  shown  in!  Table  3.  However,  for  (hkl)  re- 

i 

flections;  (1  /  0)  the  glassy  carbon  samples  always  showed  a 
larger  d-spacing  than  that  |found;  for  graphite,  although  some 

!  l 

diffracting  spots  tended  to  approach  the  graphite  values.  The 

i.  '  .  •' 

d002  sPacin9s  were  in  general  smaller  or  closer  to  the  graphite 
values  for  the  2000°C  samples.  This  substantiates  the  well-known 
tendency  toward  graphitization  with  higher  pyrolysis  temperature. 

In  addition  the  dQQ2  spacings  varied  from  sample  to  sample  and 

i  '  i 

from  area  to  area  showing  that  the  samples  are  not  completely 
homogeneous  on  a  microscale,  but  vary  in  packing  efficiency. 
However,  Table  4  shows  that  the  average  d^^  spacings  from  electron 
diffraction  agrees  favorably  with  the  values  obtained  from  X-ray. 

<  '  i 

i 

Often  additional  diffracting  maxima  were  observed. 

Table  3  shows  that  second  order  reflections  (004)  and  (200)  were 

I 

observed  for  a  number  of  samples  although  these  sarn^  "s  were  not 

) 

necessarily  the  samples  showing;  the  closest  agreement  with 
graphite.  The  detection  of  these  peaks  may  be  due  just  to  longer 
exposure  of  th<e  diffraction  pattern  and  may  not  indicate  greater 

I 

perfection.  One  diffraction  pattern  for  sample  317-29,  2000°C 

i 
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?leCtr°n.diffraction  results  are  compared  to  X-ray 
diffraction  results  for  d002  and  dlO  spacings  (I).  Y 


Ray 

dlO 

Electron 

Sample  # 

X- 

d002 

Diffraction 
d002  dlO 

Density 

(g/cc) 

Graphite 

3.  35 

2.13 

311-19,  2000°C 

3.56 

2.17 

3.45 

2.09 

311-19,  750°C 

3.  7 

2.19 

None 

2.07 

1.17 

312-31,  2000°C 

3.54 

2.12 

3.53 

2.16 

1.41 

317-24,  2000°C 

3.50 

2.1 

3.53s 

2.10s 

1.57 

317-29,  2000°C 

3.43 

— 

3.35s 

2.12 

1.46 

3.45 

317-45,  2000°C 

3.35 

2.09 

3.5 

2.1 

3.48 

318-22,  2000°C 

3.44 

2.10 

3.37s 

2.07 

318-22,  700°C 

3.7 

-- 

3.5 

2.11 

3.42s 

318-23,  2 0 0 0 ° C 

3.43 

2.1 

3.5s 

2.1 

318-23,  700°C 

3.74 

— 

None 

2.07 

318-29,  2000°C* 

3.45 

2.08 

3.45 

2.12 

s 

* 


In  addition  to  Debye-Scherrer  rings,  a  number  of  sharp 
diffracting  spots  were  observed  on  or  close  to  the  rinq 
Numerous  reflections  were  observed,  see  Table  3 


1 


showed  (101)  and  (102)  reflections. 

O 

d002  =  3,35A'  the  same  as  graphite. 


This  was  an  area  showing 
This  suggests  that  these 


extra  reflections  are  due  to  the 


increased  crystalline  perfection 


in  this  area  of  the  sample. 


The  "cylindrical-type"  structures  found  in  samples 
311-19,  700°C  and  318-29,  2000-C  did  not  show  a  (002)  reflection 
although  they  did  show  a  (100),  (200)  and  (110)  reflection  (See 

Table  3).  In  addition  they  exhibited  a  d-spacing  of  2.54-2.60A 
which  could  not  be  indexed. 


In  summary,  it  appears  that  the  "granulated  structure" 
observed  in  bright  field  is  the  crystallite  structure  observed 
in  dark  field  and  X-ray  line  brc  ’.ening.  The  samples  are  not 
homogeneous °  wi  th  d002-spacings  varying  within  one  sample  from 
3.35  to  3.5A  »r  example,  although  varies  only  between  2.10 
and  2.12A  in  the  same  sample.  Occasionally,  "cylindrical"  or 
"smooth"  structures  are  observed  in  contrast  to  the  "platelet- 
granular"  structure.  More  extensive  work  will  have  to  be  carried 
out  in  order  to  relate  these  findings  to  preparation  variables 
and  to  physical  properties,  although  it  can  be  concluded  that 

higher  baking  temperatures  tend  to  graphitize  the  glassy  carbon 
material. 


Thermodynamics 


Although  there  are  diverse  methods  for  gaining  information 
about  the  structure  of  solids  on  various  size  scales,  each  has 
its  drawbacks  in  sensitivity,  interpretation,  and  in  ease  of 
m  asurement  when  applied  to  carbon  which  is  not  well  crystallized. 
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A:j  a  result  a  thermodynamic  method  has  boon  proposed1. 

Since  the  reaction 

C  -  n 

graphite  glassy 

involves  no  change  in  composition,  the  enthalpy  (AH)  and  entropy 
(AS)  represent  a  two  parameter  measure  of  the  structural  differ¬ 
ence  of  a  glassy  carbon  relative  to  graphite. 

An  accurate  determination  of  the  Gibbs  free  energy  for 
the  reaction  over  a  range  in  temperature  allows  the  separate 
evaluation  of  both  All  and  AS.  The  specific  heat  for  crystalline 
graphite  has  been  measured  and  at  least  one  study  of  specific 
heat  of  glassy  carbon  has  been  made.  With  the  specific  heat  data 
for  graphite  and  glassy  carbon,  a  separation  of  both  the  enthalpy 
and  entropy  into  vibrational  and  configuration  components  can  be 
made.  This  procedure  thus  yields  a  four  parameter  measure  of  the 
average  difference  between  a  given  glassy  carbon  structure  and 
that  of  graphite.  The  purely  configurational  enthalpy  and  en¬ 
tropy  have  a  very  straight-forward  meaning  as  numerical  measures 
of  the  difference  in  bonding  energy  due  to  disordering,  and  the 
degree  of  disordering  respectively.  Differences  in  the  vibrational 
parts  result  from  the  effect  of  differences  in  average  bond 

strength  on  the  atomic  vibrations  which  determine  the  specific 
heat. 

In  principle  it  is  possible  to  calculate  the  configur¬ 
ational  entropy  for  various  simple  structural  models  and  compare 
for  consistency  with  the  measured  value.  This  procedure  can 
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1 


rule  out  some  models,  but  never  establish  the  existence  of  a 

J  ' 

given  model.  However;  whatever  the  real  structure,  the  data 
becomes  a  numerical  measure  of  the  disorder  relative  to  graphite 
of  a  given  carbon.  •  ,  '  • 

*  i 

In  order  to  be  successful, ( the  above  plan  must  be 
capable  of  measuring  AG  as  a  function  of  temperature  with  high 
precision.  Electrochemical  cells  using  solid'  oxide  eleptirolytes , 
as  well  as  fused  salt  pells  appear  to  offer  the  possibility  of 
such  a  measurement  .  These  measurements  should  not  be,  in¬ 
fluenced  by  minor  impurities  and  also  will  yield  ad  a  by-product 

t 

more  accurate  and  direct  data  on  the  equilibria  1 


CO  (g)  +  1/2  02  (g)  =  C02  (g)  , 

(1) 

CgrapAite  +  C°2 (?>  =  2C0(g) 

(2) 

graphite  +  °2  =  C02  (g) 

1  ,  (3>, 

and  Cgraphite  -+  1/2  °2  <9>  =  CO(g) 

,  (4) 

In  spite  of  the  importance  of  these  reactions, 

such  direct  free 

energy  measurements  have  not  been  carried',  out .  All  of  the 
presently  available,  thermodynamic  information  on  carbon-oxygen 

'  I 

equilibria  is  based  solely  on  calorimetry  combined  with  sta¬ 
tistically  calculated  entropies  for  the  gaSes.  The  accuracy  of 
the  above  data  depends  :on  the(  ash  content  and  crystallinity  of 
the  graphite  and  should  be  determined  by  direct,  measurement . 

A  system  of  calibration  runs  has  been  carried  out  in 

! 

order  to  insure  the  reliability  of  the  experimental  cells'.  In 

1 

addition  to  the  experimental  confirmation  presented  previously1 

.  1 

t  i 

I  i 
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for  reaction  (1)  arid  the  free1  energies  of,  formation  for  NiO,  CoO 

1  i 

and  FeO,  an  excellent  confirmation  has  been  now  obtained  for  the 

reaction  i 

■  1 .  1  1  1  ■  ' 

2Nbd2(s)  +  1/2  02  (g)  =  Nb20$ (s)  (5) 

i  i  ,  i  l  ! 

!  I  i  -  1 

A  stable  cell  operation  was  only  obtainable  above  950°C. 

|  '  I 

The  oxygen  pressure  for  this  cell'  is  quite  close  to  that  contem- 

1  <  ‘  .  i 

plated  in  the  various  carbon-oxygen  reaction^. 

1  !  ,  J  ! 

I  •  •  '  ‘  #  J  '  1  I 

In  addition  a  few  preliminary  runs  have  been  completed 

,  ii  ,  t  ,  .  1 

for  the  reaction:  i  ,  , 

i  .  1 

r  1  1  . 

i 

■  C  i  =  C  ,  ! 

i  .  1  glassy  graphite  1  1  , 

’  1  i 

1  i 

using  the  fused  salt  cell;  i  i  1 

,  I  ; 

! 

,  •  1  •  ’  \ 

i  Glassy  Carbon/CaC2  in  CaCl2/Graphite 

.  I 

|  J  4 

i  The  emf  was  high  enough  (about  20  mv)  to  be  measured  i 

■  i 

I 

accurately  and  appeared  tpo  be  quite  stable.  Graphite  was  found, 

,  ‘  *  -  i 

as  expected,  to  have  the  lower  free  energy  at  all  temperatures 

studied  (800-lQ00°C) .  Minor  modifications  of  the  experimental 

i  1  *  '  1  i 

apparatus  are  now  being  completed  prior  to  precision  ruris .  1 

An  additional  cell  has  l^een  proposed  and  evaluated  as 

i  > 

a  moans  of, obtaining  the  thermodynamic  properties  of  either 
reaction  (1)  br  1  , 

i  1  i 

i  , 

’  1  1  ; 

Ha  (g)  +  1/2  02  (g)  ,  =  H20(g)  1  11  (6) 


!  } 


The  cell 


Air(g)/Ze02  -  Ca0/C02 (g) ,  H2 (g)  I2 

has  been  run  for  several  conditions.  If  an  initial  mixture  of 
C02  (g)  and  H2 (g)  is  allowed  to  react  according  to 

C02  (g)  +  H2  (g)  =  CO  (g)  +  IJ20(g)  (7 

the  following  expression  can  be  derived  for  the  equilibrium 
constant  of  reaction  (1). 


K, 


p 

CO  2 
P“2  . 

Initial 

-h 

02 


e2EF/RT  l-i 
*02 


e4EF/RT 


2EF/RT 

02 


where  PQ2  is  the  oxygen  partial  pressure  at  the  left  electrode 
in  cell  II,  E  is  the  reversible  emf,  F  is  Faraday's  constant, 

R  is  gas  constant,  T  is  absolute  temperature,  and  KI];  is  the 
equilibrium  constant  of  reaction  (6). 

Using  this  method  the  agreement  of  the  data  thus  far 
obtained  with  published  results  is  within  2%. 


B.  Pore  Structure 

The  details  of  the  pore  structure  are  being  investigated 
with  a  variety  of  techniques.  Thus  far  no  useful  results  have 
been  obtained  with  small  angle  X-ray  scattering  due  to  a  problem 
with  interfacing  the  diffraction  equipment  with  the  counting 
electronics.  After  resolution  of  this  problem,  this  technique 
will  be  employed  on  a  limited  number  of  samples  to  measure  size 
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of  pore  structure  in  the  range  20-100A. 

Electron  Scanning  Microscopy 

Electron  scanning  microscopy  is  employed  on  a  fracture 
surface  of  each  sample  to  obtain  additional  information  on  the 
pore  structure.  For  the  coarser  materials  (>200A)  the  pore 
structure  is  easily  discernible  with  this  method.  However, 
for  the  finer  materials,  the  size  of  the  pores  is  equal  to  or 
finer  than  the  100A  resolving  power  of  the  instrument,  rendering 
the  determination  of  quantitative' information  impossible.  Also 
the  SEM  pictures  show  a  surface  roughness  of  the  same  order  of 
size  as  the  pore  structure  which  makes  pore  size  assessment 

difficult. 

At  present  results  are  available  for  approximately  60 
samples  representing  various  processing  conditions.  Unfortunately, 
most  of  the  samples  examined  have  not  yet  been  subject  to  Hg- 

porosimetry  for  comparative  purposes. 

Examples  of  the  typical  structures  observed  are  shown 

in  Figures  9  and  10.  From  Figure  9  it  can  be  seen  that  there  is 
no  major  change  in  pore  size  between  700°C  and  the  200Q°C  samples. 
A  sample  with  a  much  finer  pore  structure  is  shown  in  Figure  10. 
Figure  11  shows  examples  of  two  samples  with  a  relatively  coarse 
pore  structure  and  the  presence  of  a  large  agglomerate  believed 
to  originate  from  particles  in  the  original  resin. 

Helium  Pvcnometry 

As  a  routine  characterization  of  the  pore  volume  open 
to  He,  the  real  density  is  being  measured  in  a  commercial 
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Sample  317-14,  700°C 


25 , OOOX 


Sample  317-14,  2000°C 


25, OOOX 


Figure  9. 


Sample  321-18,  700°C  3000X 


in.PYm 


Sample  321-15,  700°C 


3000X 


Figure  11. 
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pycnometer  made  by  Micrometries  Inc.  Corporation  of  Norcross, 
Georgia.  For  porous  samples,  data  have  been  gathered  in  gross 
form  as  well  as  on  200  mesh  powder.  Data  for  samples  thus  far 
measured  is  included  in  Table  7.  Efforts  are  being  made  to 
produce  a  wide  variation  in  density  as  well  as  efforts  to  im¬ 
prove  the  accuracy  of  the  measurements. 

In  addition  to  real  density,  the  apparent  density  of 
the  bulk  samples  is  determined  geometrically.  Table  7  includes 
the  results  obtained  to  date. 

Surface  Area 

No  additional  surface  area  data  have  been  gathered  since 
those  in  Table  5  reported  previously1.  However,  nitrogen  ab¬ 
sorption  surface  areas  will  be  run  on  the  700°C  samples  selected 
after  evaluation  with  Hg  porosimetry  and  scanning  electron  micro¬ 
scopy. 

Mercury  Porosimetry 

Mercury  porosimetry  was  used  to  determine  pore  size 
distribution,  interconnected  pore  volume,  density  and  median  pore 
diameter  values.  Data  obtained  to  date  are  shown  in  Table  6. 
Cumulative  pore  volume-pore  diameter  curves  are  shown  in  Figure 
12  for  two  typical  samples.  In  most  cases  a  rather  sharp  pore 
size  distribution  was  observed.  In  the  samples  studied  the  pore 
sizes  ranged  over  four  orders  of  magnitude  from  lOOp  to  .  005y 
depending  on  the  processing  variables.  A  range  of  total  pore 
volume  of  a  factor  of  200  is  also  shown  in  Table  6. 

The  type  of  distribution  indicated  in  Figure  12  was 
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TABLE  5 

,  '  1 

i 

[ 


Sample 

He  Density 
gm/cm3 

311-32,  2000°C 

1.41 

317-9,  700°C 

1.83 

1 

319-9,  2000°C 

1.70 

317-12,  700°C 

1.80 

317-12,  2000°C 

1.72 

318-22,  700°C 

1.79 

318-22,  2000°C 

1.51 

Surface  Area 
Knudsen  Flow 
(m2/qm) 

Specific  Surface 
Area 

i  (m2/qm) 

3.0 

- 1 >—* - 1 — 

26.4 

, 

:  506.0 

12.5 

59  J  9 

9.1 

510.0  i 

t  !  1 

.  109.0 

459.0  i 
49.  § 


i 


i 
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TABLE  6 


i 


1 

Sample  )# 

pHe  real1 
(g/cc) 

PHg  real2 
(g/cc) 

PRg  app. 3 
(g/cc) 

MPD4 

(u) 

IPV5 

(cc/q) 

302-5,  4200°F* 

_  _ 

1.509 

.647 

2.97 

.8828 

-12,  4200°F* 

1.501 

.559 

3.62 

1.1224 

305-6,  2000°C* , 

6.62  Mo 

1.94 

1.802 

.636 

2.54 

1.0151 

-12,  2000°C* 

1.55 

1.562 

.557 

4.19 

1.1560 

r18,  2000°C* , 

.4  Mo 

x .  77 

1.718 

.606 

2.49 

1.0678 

310-1,  I1000°C 

1.27 

1.446 

.814 

.023 

.5411 

-3,  1000°C  , 

— 

1.424 

.  805 

.020 

.5454 

-17A,  2000°C 

1. 50 

1.175 

.639 

.119 

.7130 

-18,  1000°C 

1.48 

1.452 

.687 

.  039 

.7666 

-18,  2000°C 

1.15 

1.366 

.648 

.044 

.8110 

,  -20,,  2000°C 

1,  09 

1.458 

1.029 

.009 

.2855 

-29,  2000°C 

1.89 

1.533 

.944 

.014 

.3959 

311-21,  2000°C 

1.59 

1.339 

.731 

.038 

.6221 

-22,  2000°G 

1.00 

.847 

.484 

.154 

.8809 

312-19A,  730°C 

1  l1. 20 

1.481 

.879 

.629 

.4626 

-29,  728°G 

1.52*  . 

1.441 

1.038 

.014 

.2709 

-31 , : 2000°C 

1.41 

1.490 

.923 

.025 

.4118 

i  -45,  2  0,0  0  °  C 

1.26 

1.302 

1.214 

.005 

.0540 

-48,  2000°C  j 

1.53 

1.392 

.861 

.121 

.4425 

-49,  2000°C 

1.34  , 

1.404 

1.031 

.011 

.2579 

315-1,  2000°C  1 

1150 

1.431 

.962 

47.0 

.3412 

317-5,  2000°C 

!  1.42 

a.  313 

.873 

.071 

.4039 

-18,  2000°C 

1.50 

1.255 

.953 

39.1 

.281 

318-22,  700°C 

1.79 

1.426 

.771 

.057 

.5958 

-22,  2000°C 

1.51 

1.576 

.937 

.054 

.4334 

308P-2 ,  #2 

>  1.586 

1.505 

1.034 

.009 

.3030 

1  -3,  #3 

1.611 

1. 4&6 

1.077 

.008 

.2559 

GC  No.  1** 

l 

1.47 

1.482 

1.424 

.003 

.0273 

- 1 _ 1 _ 

*15,000  psi  maximum 
maximum  1 

*Glassy  Carbon  No. 
3Real  density  as  de 

, intrustion  pressure;  all  others  60,000 

1  -  Le  Carbone,  p.  6927. 
termined  by  He  pycnometry 

psi 

2 Real  density  as  determined  by  Hg  intrusion  to  60,000  psi 
3, Apparent  den, sity  as  determined  by  Hg 
^Median  pore  diameter  from  Hg  porosimetry 
5 Intrusion  pore  volume  from  Hg  porosimetry 
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♦head  speed  .05  in/min,  all  others  .02  in/min. 
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I 


observed  in  most  of  the  samples  studied, , however,  in  several 

I  ,  , 

samples  an  increase  in  penetration  was  observed  at  the  upper 
limit  of  the  60,000  psi  porosimeter  as  shown  in  Figure  13. i  This 

1  I  '  O  1 

would  tend  to  indicate  that  pores  smaller  than  30A  were  present. 

i  i  i  ' 

Depressurization  curves  are  also  shown  in  Figure  13.  An  inter- 

*  j  (» 

esting  observation  was  that  hhe  intruded  mercury  did  not  come  , 
out  of  the  sample  until  the  pressure  was  reduced  to  below  14.7  psi 

...  .  i  i  ( 

i  (P01^  size  >100m) .  The  nature  of  this  observation  is  not  clearly 

i  1  , 

understood  and  warrants  further  investigation.  ■ In  addition,  these 

1  i 

particular  samples  must  be  studied  further  to  determine  if  open, 

)  *  O  I  j 

pores  smaller  than  30A  exis^or  if  the  increase  in  mercury  pene¬ 
tration  is  due  to  failure  of  the  material  (collapsing  of  closed 
voids)  at  the  higher  intrusion  pressures. 

■  ,  ,  ,  .  1  ‘  :  ■  . 

IV .  Property  Evaluation  , 

Because  the  glassy  carbons  under  investigation  wefe  pro¬ 
duced  under  a  wide  range  of  processing  variables,  a  large  degree 

i  1 

of  variation  iri  structure  and  physical  properties  was  observed. 

Based  on  previous  information  some  of  which  was  included  in  a 

!  1  , 

previous  report}1,  several  tests  were  chosen  as  ,  a  means  bf  ob- 

i  •  • 

taining  preliminary  mechanical  property  data.  The  mechanical 

'■  .  i  '  '  ,  ’ 

properties  investigated  thus  far  include  hardness  (DPH) ,  com-  i 

»  i  I 

j  I 

pressive  strength,  ultimate  tensile  strength  (Diametral  com- 

I 

pression)  and  sonic  modulus  of  elasticity.  In  addition,  internal 

'  'i  '  ,  i ' 

friction  and  electrical  resistivity  werb  measured  on  selected 
samples j  1  1  , 
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Hardness 


Diamond  Pyramid  (DPH)  values  were  obtained  with  a  Tukon* 
hardness  tester  utilizing  a  standard  load  cycle.  For  most  of  the 
experimental  carbons  previously  tested1  it  was  observed  that  with 
loads  greater  than  3Kg  little  or  no  substantial  increase  in  hard¬ 
ness  was  obtained  and  extensive  cracking  or  crushing  occurred  in 
many  cases.  In  addition,  a  weird  recovery  phenomena  was  observed 
and  in  some  cases  a  hardness  indentation  was  observed  only  if  a 
thin  collodion  film  was  applied  to  the  surface  of  the  test  sample 
prior  to  conducting  the  test. 

Based  on  this  prior  information  a  routine  procedure  was 
established  for  screening  the  available  glassy  carbon  materials 
and  new  carbon  materials  as  they  are  produced.  Hardness  deter¬ 
minations  were  made  on  each  material  with  and  without  a  collodion 
film  present  and  also  at  two  loads,  1  kilogram  and  3  kilograms. 

Hardness  data  obtained  in  this  manner  is  shown  in  Table  7. 
Hardness  values  for  the  commercially  available  glassy  carbons 
were  slightly  higher  when  no  coating  was  applied  and  little  vari¬ 
ation  in  hardness  was  noted  as  a  function  of  load.  Similar  results 
were  noted  for  the  experimental  carbons  with  an  exception  occur¬ 
ring  for  the  321  series  of  samples  produced  at  1000°C.  Samples 
in  this  series  tested  at  3Kg  exhibited  higher  hardness  values 
than  those  tested  at  a  load  of  lKg. 


*Wilson  Mechanical  Instrument  Div. ,'  American  Chain  &  Cable  Co., 
Inc.,  New  York,  N.Y. 
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Satisfactory  indentations  were  obtained  in  approximately 
2/3  of  the  samples  tested.  Because  of  variations  in  pore  structure 
or  variations  in  an  elastic  behavior  unreadable  impressions  were 
obtained  in  the  remainder  of  the  samples.  The  indentations  in 
these  samples  appeared  under  the  measuring  microscope  as  a  blur 
or  an  "x".  The  majority  of  the  values  obtained  were  much  lower 
than  was  expected,  however  the  information  is  useful  in  that 
relative  hardness  values  and  information  concerning  the  elastic 
recovery  behavior  of  the  carbons  under  investigation  was  obtained. 
Development  of  test  methodology  for  obtaining  hardness  values  more 
consistent  with  the  scratch  hardness  displayed  by  the  material  is 
currently  in  progress. 

The  range  of  hardness  values  reported  for  both  the 
commercial  samples  and  the  experimental  samples  is  not  consistent 
with  the  scratch  hardness  of  the  material.  All  of  these  materials 
easily  scratch  glass,  which  should  place  this  hardness  in  excess 
of  800  VHN.  However,  even  the  hardest  of  the  group  give  readings 
of  300  or  below.  Since  these  materials  have  a  relatively  low 
modulus,  it  is  possible  that  the  impressions  being  measured  are 
traces  of  the  impression  existing  under  load  and  not  the  residual 
impression.  In  order  to  check  this  postulate,  a  sample  was  loaded 
to  3Kg  and  then  examined  with  a  scanning  electron  microscope  where 
the  depth  of  field  qualities  can  more  easily  bring  out  the  re¬ 
sidual  impression.  Figure  14  shows  the  results  on  one  uncoated 
sample.  A  large  marking  is  visible  surrounding  the  smaller 
residual  impression.  Cracks  are  clearly  visable  that  could  not 
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Figure  14.  Scanning  micrograph  (500X)  of  321-9,  2000°C  after 
3KG  Vickers  Indentation.  Note  Large  Area  of  Im¬ 
pression  Outside  the  Smaller  Unrecovered  Inner 
Impression. 
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be  seen  in  the  optical  microscope.  The  large  impression  which 
must  have  existed  under  load  corresponds  to  a  VHN  of  170,  which 
compares  reasonably  well  with  the  regular  determination  of  120 
given  in  Table  7.  However,  the  true  impression  gives  a  much 
higher  hardness  of  about  3400  VHN.  This  value  seems  too  high 
and  may  be  in  error  due  to  the  fracturing  that  occurred. 
Additional  data  at  lower  loads  will  be  run  to  confirm  this  effect 
However,  it  is  certain  that  most  of  the  measurements  to  date  have 
not  truly  reflected  the  hardness.  Depth  of  penetration  hardness 
tests  also  will  yield  anomalous  results  in  materials  like  these 

due  to  the  very  low  modulus  (4.10'  psi)  compared  with  the  high 
strength. 

Compressive  and  Ultimate  Tensile  Strength 

A  feasibility  study  is  currently  in  progress  to  determine 
the  most  satisfactory  method  for  producing  compressive  strength 
and  ultimate  tensile  strength  test  samples.  To  date  samples  have 
been  produced  by  the  following  methods: 

machining  glassy  carbon  stock  prior  to  pyrolysis 
machining  glassy  carbon  stock 
core  drilling  glassy  carbon  stock 

-  centerless  grinding 

-  hand  lapping 

-  machine  lapping 

Preliminary  evaluation  of  these  methods  indicates  that 
the  most  feasible  method  of  sample  preparation  is  by  centerless 
grinding  and  lapping  for  flatness. 
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Preliminary  strength  data  obtained  from  samples  produced 
by  the  various  methods  mentioned  above  are  shown  in  Table  7.  The 
majority  of  the  tensile  strength  samples  were  3/8"  in  diameter 
and  3/4  long.  The  diametral  compression  test  was  used  to  obtain 
ultimate  tensile  strength  data.  Samples  for  the  dimetral  com¬ 
pression  test  were  3/8"  by  3/32"  long. 

Most  samples  were  tested  in  an  Instron  testing  machine 
with  a  cross-head  speed  of  .02"/min.  Blotter  paper  pads  were 
used  as  cushions  between  the  machine  platen  and  the  test  piece 
in  both  the  compressive  and  dimetral  tests. 

The  compressive  strength  data  included  in  this  report 
ranged  up  to  54,900  psi,  while  ultimate  tensile  strength  data 
ranged  up  to  10,850  psi.  Data  reported  represents  at  least  two 
samples.  In  most  cases  four  to  six  samples  will  be  included 
although  not  all  samples  have  been  tested  at  present. 

In  Table  8  the  data  have  been  correlated  with  apparent 
and  helium  density.  Since  the  fraction  of  the  sample  occupied 
by  carbon  is  Papparent/ppje »  an  additional  correlation  has  been 
presented  in  Table  8  reflecting  the  strength  properties  relative 
to  the  carbon  present.  The  specific  properties  show  a  narrower 
range,  but  are  by  no  means  constant  for  all  of  the  carbons. 

Sonic  Modulus  and  Internal  Friction 

ihe  sonic  modulus  of  elasticity  and  the  internal  friction 
of  glassy  carbons  are  both  determined  using  the  Michigan  Inter¬ 
mediate  Frequency  Electrostatic  Resonator  (MIFER) .  The  samples 
used  are  cylindrical  rods  about  3/8"  in  diameter  and  5"  long. 
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These  rods  are  set  into  longitudinal  vibration  by  electrostatic 
forces  from  an  electrode  positioned  within  0.001"  from  the  sample. 
The  surfaces  of  the  rod  and  electrode  must  be  parallel  in  order 
to  get  sufficient  amplitude  to  distinguish  the  resonant  frequency 
of  the  sample. 

The  resonant  frequency  is  determined  by  changing  the 
exciting  frequency  by  an  oscillator  until  the  maximum  amplitude 
signal  is  displayed  on  an  oscilloscope.  There  is  generally  a 
large  increase  in  the  signal  amplitude  when  resonance  is  reached. 


Once  the  resonant  frequency  has  been  determined,  the  sonic  modulus 


can  be  calculated  using  the  following  formula. 


L2  p 


Es  = 


n 


72 


where  L  is  the  length  of  the  rod  in  inches,  p  is  the  apparent 
density  in  lb/in3,  and  fn  is  the  resonant  frequency  in  cps . 

The  internal  friction  is  determined  by  measuring  the 
half-amplitude  decay  time  of  the  resonant  signal  on  the  oscillo¬ 
scope.  This  is  accomplished  by  turning  off  the  exciting  fre¬ 
quency  and  photographing  the  exponential  decay  pattern  on  the 
oscilloscope.  Knowing  the  scale  of  the  sweep,  the  half- amplitude 
decay  can  be  easily  determined.  The  internal  friction  is  then 
calculated  using  the  following  formula, 


where  f  is 
n 

decay  time. 


Q”  1 


In 

tt  f 


n 

the  resonant  frequency  and  t2  is  the  half-amplitude 
Some  examples  of  decay  patterns  of  glassy  carbons 
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and  aluminum  are  shown  in  Figures  15  and  16. 

Through  examination  of  Table  7,  it  can  be  seen  that  the 
sonic  modulus  varies  from  0.18  x  io6  to  7.35  x  io6  psi  and  the 
internal  friction  varies  from  0.19  x  io-3  to  2.38  x  io-3  for 
2000 °C  samples.  The  shape  of  the  decay  patterns  (Figures  15  and 
16)  varies  considerably  from  sample  to  sample.  This  may  possibly 
be  caused  by  pore  size  effects,  which  cause  the  rippled  pattern. 
Generally,  it  has  been  observed  that  coarser  pored  samples  give 
more  pronounced  ripples  in  the  pattern.  A  sample  of  aluminum  has 
been  included  in  Figure  16  for  comparison  purposes. 

Further  study  has  been  done  to  establish  the  effect  of 
pyrolysis  temperature  on  the  sonic  modulus.  This  data  is  shown 
in  Table  9.  The  general  trend  of  the  data  shows  the  maximum 
modulus  to  result  from  pyrolysis  between  1000°C  and  1577°C.  More 
samples  must  be  studied  to  narrow  this  gap  further.  In  all  cases 
the  cured,  but  unpyrolyzed  samples  show  an  order  of  magnitude 
lower  modulus.  It  has  not  yet  been  possible  to  measure  the  in¬ 
ternal  friction  in  the  as-cured  condition. 

Electrical  Resistivity 

The  resistivity  of  glassy  carbons  heat  treated  to  800°C 
higher,  is  very  low.  Therefore  a  special  type  of  set— up  is 
required  in  order  to  get  accurate  determination  of  the  resistance. 
In  this  case,  a  brass  cylinder  with  steel  wool  pads  was  used  to 
eliminate  surface  affects.  This  set-up  when  used  with  the  proper 
ohm-meter  allows  accurate  determination  down  to  0.01  ohm. 

The  resistivity  is  determined  by  the  formula. 
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Figure  15.  Decay  patterns  from  glassy  carbon  samples.  Top  number  is  sample  number 
then  modulus,  then  internal  friction. 


Figure  16-  Decay  patterns  from  three  glassy  carbon  samples  and.  one  aluminum 
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TABLE  9  '  i  1 

SONIC  MODULUS  (psi  x  10 6 

PYROLYSIS  ,  ,  ■ 

)  VS.  TEMPERATURE  (°C) 

1 

2000® 

i 

Sample  # 

700°C 

800°C 

900°C 

1 

1000°C 

1 

1577°C 

1800°C 

321-11L 

1.00 

J 

1 

II  2.37 

2.24 

’T"  i 

2.29 

2.11 

321-11CL 

1 

0.98 

. 

i 

2.34 

2.33 

2.29 

2.21 

321-12L 

|  | 

0.89 

1 

1. 96 

2,10 

1.64 

1.57 

321-13  #1L 

1.07 

l 

} 

2.46 

2.36 

2.31 

2.33 

321-13  #2L 

1.10  1 

1 

2.47 

2.38 

2.29 

321-13  #3L 

1.17 

I 

2.55 

1  ) 

i’ 

1 

2.33 

2. ,29 

318-59  #1L 

1.47 

1 

- 

2.88 

■  2.60 

2.36 

1.95 

318-59  #2L 

1.41 

1 

i 

2.76 

2.80 

2.421 

2.,  34 

318-60L 

1 .24 

I 

1 

i 

'2.43 

.  2.36 

2.27 

i 

321-15L 

i 

2.25 

1 

|  1 

2.75 

2.56 

2.48 

•  2.38 

321-16AL 

i 

2.09 

1 

2.62 

2.49 

2.22 

2.11 

321-18BL 

2.08 

1 

i 

2.13 

2.53 

2.44 

| 

i 

2.33 

321-19BL 

! 

1.87 

I 

2.87 

2.17 

2.19 

2.06 

321-17B 

0.80 

J 

2.41 

2.84 

2.6L 

2.55 

,  2.41 

321-15  #1 

:  '  !  i 

1.08 

1 

2.26 

2.55 

2.54 

2.45 

2. *25 

321-19B  #1 

1.00 

4.78 

2.11 

1.57 

1.99 

1.99 

321-16B 

2.24 

2.50 

2.24 

i  2.07 

1.97 

321-15  #2 

1 

1 

2.04  ' 

2.62 

i 

,  2.68 

2.48 

2.28 

321-18B  #1 

i 

2.31 

1  2.64 

2.48 

1 

2.41 

2.31 

321-16A 

i 

i 

2.14 

■ 

2.51 

2.49 

i  2.26 

2.06 

32,1-19A 

v  , 

2  J  05 

2.71 

1 

2.61 

2.52 

2.44 

321-18A 

} 

2.17, 

i 

2.94 

2.  85 

i 

2.78 

2.64 

321-19B  #2 

1.76 

1 

■ 

2.25 

2.15 

2.15' 

2.06 

321-18B  #2 

1 

2.04 

I 

2.63 

2.78 

2.32 

2.31 
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where  R  is  the  resistance  in  ohms,  A  is  the  cross  sectional  area 
of  the  sample  in  cm; ,  and  L  is  the  length  of  the  sample  in  cm. 

The  resistivity  of  various  2000“C  samples  is  shown  in  Table  7. 

It  varies  from  0.07  *  10"2  to  5.46  *  10"?  «-cm. 

A  study  of  the  affect  of  temperature  on  resistivity  was 

also  made.  The  results  are  shown  in  Table  10.  These  data  show, 
as  expected,  that  the  resistivity  decreases  markedly  as  the  heat- 
treatment  temperature  increases.  This  is  a  general  trend,  however 
there  are  a  few  exceptions.  The  resistivity  of  the  samples  in 
the  as-cured  state  is  of  course  many  orders  of  magnitude  larger. 

Since  geometric  data  is  required  for  both  the  modulus 
and  resistivity  determinations,  apparent  density  was  measured 
accurately  for  a  series  of  samples  as  a  function  of  pyrolysis 
temperature.  These  data  are  shown  in  Table  11.  The  apparent 
density  generally  decreases  slightly  with  increasing  pyrolysis 
temperature.  This  is  contrary  to  the  usual  findings.  In  this 
particular  series,  the  same  samples  were  successively  heated  in 
vacuum  to  each  higher  temperature  after  holding  for  about  1  hour, 
followed  by  property  measurements  at  room  temperature. 
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TABLE  10 


RESISTIVITY 

(ft-cm)  (xio-2) 

PYROLYSIS 
VS.  TEMPERATURE 

(°C) 

Sample  # 

800°C 

900°C 

1000°C 

1577°C 

1800°C 

2000°' 

321-llL 

0.643 

0.116 

0.120 

0.120 

321-11CL 

0.471 

0.098 

0.090 

0.170 

321-12L 

0.542 

0.148 

0.120 

0.06 

321-13  #lL 

0.506 

0.120 

0.170 

0.100 

321-13  #2L 

0.521 

0.106 

0.160 

0.110 

321-13  #3L 

0.490 

0.111 

0.110 

0.110 

318-59  #1L 

0.499 

0.102 

0.080 

0.120 

318-59  #2L 

0.522 

0.099 

0.080 

0.060 

318-60L 

0.523 

0.108 

0.160 

0.170 

321-17B 

0.830 

0.800 

0.357 

0.180 

0.180 

321-15  #1 

1.430 

0.140 

0.302 

0.150 

0.150 

321-19B  #1 

1.710 

0.170 

0.368 

0.180 

0.180 

321-16B 

4.450 

0.300 

0.328 

0.170 

0.170 

321-15  #2 

4.480 

0.290 

0.319 

0.150 

0.150 

321-18B  #1 

6.110 

0.590 

0.334 

0.160 

0.160 

321-16A 

2.790 

0.140 

0.290 

0.150 

0.150 

321-19A 

3.170 

0.310 

0.332 

0.170 

0.170 

321-18A 

2.  380 

0.280 

0.  368 

0.170 

0.170 

321-19B  #2 

3.  020 

0.300 

0.325 

0.160 

0.160 

321-18B  #2 

3.  580 

0.180 

0.  333 

0.200 

0.190 

321-15L 

3,240 

0.110 

0.115 

0.170 

0.110 

321-16AL 

3.660 

0.170 

0.089 

0.120 

0.100 

321-18BL 

3.740 

0.160 

0.114 

0.110 

0.110 

321-19BL 

3.550 

0.150 

0.081 

0.110 

0.110 
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TABLE  11 


PYROLYSIS 

DENSITY  (q/cc)  VS.  TEMPERATURE  (°C) 


Sample  # 

700°C 

800°C 

900°C 

1000°C 

1577°C 

1800°C 

2000°* 

321-llL 

1.00 

0.94 

0.93 

0.93 

0.92 

321-11CL 

0.99 

0.95 

0.92 

0.92 

0.92 

321-12L 

1.00 

0.97 

0.91 

0.91 

0.92 

321-13  #1L 

0.98 

0.97 

0.91 

0.92 

0.94 

321-13  #2L 

0.98 

0.98 

0.93 

0.92 

0.92 

321-13  #3L 

0.98 

0.96 

0.90 

0.93 

0.92 

318-59  #1L 

1.04 

1.06 

1.04 

1.01 

1.01 

318-59  #2L 

1.03 

1.03 

1.02 

1.01 

1.01 

318-60L 

0.90 

0.92 

0.92 

0.92 

0.92 

321-17B 

0.85 

0.96 

1.00 

0.94 

0.94 

0.95 

321-15  #1 

0.88 

0.95 

0.97 

0.94 

0.93 

0.93 

321-19B  #1 

0.77 

0.86 

0.88 

0.85 

0.84 

0.85 

321-16B 

0.93 

0.95 

0.88 

0.87 

0.  87 

321-15  #2 

0.91 

0.96 

0.99 

0.93 

0.93 

321-18B  #1 

0.89 

0.94 

0.89 

0.90 

0.89 

321-16A 

0.88 

0.91 

0.88 

0.88 

0.86 

321-19A 

0.94 

0.97 

0.94 

0.94 

0.94 

321-18A 

0.95 

0.99 

0.97 

0.96 

0.96 

321-19B  #2 

0.88 

0.92 

0.88 

0.89 

0.88 

321-18B  #2 

0.89 

0.93 

1.02 

0.87 

0.88 

321-16AL 

0.86 

0.93 

0.91 

0.85 

0.85 

321-19BL 

0.88 

0.91 

0.86 

0.88 

0.86 

3  21-18J3L 

0.90 

0.93 

0.88 

0.90 

0.90 

321-15L 

0.95 

0.98 

0.92 

0.94 

0.94 
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